Ubiquitin plays a fundamental role not only in proteasome-mediated protein degradation but also in the targeting of membrane proteins for degradation inside the lysosome. Ubiquitination provides a key signal for endosomal sorting of membrane proteins into the MVB (multi-vesicular body), which delivers its cargo to the proteolytic interior of the lysosome. Attachment of single ubiquitin molecules, rather than ubiquitin chains, to one or multiple lysines of the cytoplasmic domains of many growth factor receptors, ion channels and other membrane transporters is sufficient to target these proteins to a complex sorting apparatus on the endosome. This machinery selects ubiquitinated proteins for lysosomal sorting through consecutive interactions with a variety of ubiquitin-binding domains. The major ubiquitin ligase (E3) responsible for ubiquitination in this pathway in yeast is the HECT [homologous to E6-AP (E6-associated protein) C-terminus]-ligase, Rsp5, whereas in mammalian cells the RING (really interesting new gene)-ligase Cbl has been implicated in the down-regulation of several RTKs (receptor tyrosine kinases). Ubiquitinated receptors can be rescued from degradation by the activity of DUBs (deubiquitinating enzymes), which may provide a proofreading mechanism that enhances the fidelity of this sorting and degradation process. DUBs also allow for recycling of the ubiquitin moieties from proteins prior to their final commitment to the MVB and lysosome interior.
Introduction
Protein degradation plays a critical role in the maintenance of cell structure and function. Eukaryotic cells have developed two major systems controlling this process: lysosomal and proteasomal protein turnover (Figure 1 ). The lysosome, a membrane-bound organelle filled with proteolytic enzymes, was discovered in the 1950s by de Duve and colleagues, and first thought to be the major site of protein degradation [1] . This hypothesis held true for exogenous proteins that are taken up through endocytosis into lysosomes, and broken down by acid-activated hydrolases. However, experiments using weak bases (e.g. ammonium chloride) to interfere with the acidification of the lysosome showed that the turnover of the bulk of endogenous, cellular proteins was not affected by the disruption of lysosomal proteolysis. The discovery, in 1974, of ubiquitin as a destruction tag and, in 1986, of the proteasome, provided the widely sought-after pathway for the degradation of cellular proteins (reviewed in [2] ). This pathway is based on the covalent attachment of ubiquitin to proteins that are targeted to a cytosolic multi-enzyme complex, the proteasome. It is therefore rather ironic that recent work has revealed ubiquitin as a major player in the sorting of membrane proteins to the lysosome.
Proteasomal targeting requires the attachment of a chain of at least four ubiquitin moieties that are linked to each other through Lys 48 in ubiquitin. In contrast, ubiquitination of proteins that are targeted to the lysosome is restricted to the attachment of ubiquitin monomers or, in some cases, to short chains of Lys 63 -linked ubiquitin. In this case, ubiquitin acts as a sorting signal for membrane-trafficking events and this is most readily illustrated for the trafficking of growth factor receptors in mammalian cells [3] .
Activated growth factor receptors are generally recruited into clathrincoated pits and enter the endocytic pathway via CCVs (clathrin-coated vesicles), which deliver their content to a tubulo-vesicular compartment referred to as the early (or sorting) endosome ( Figure 2 ). Here, receptors can either recycle back to the plasma membrane for another round of stimulation or travel onwards to the lysosome (reviewed in [4] ). Ubiquitin-mediated sorting plays a role in both the initial internalization process at the plasma membrane and the lysosome-directed sorting at the early endosome. In both cases, the key to the mechanism of ubiquitin-mediated sorting lies in the recruitment of specific ubiquitin-binding proteins to the ubiquitinated cargo (reviewed in [5] [6] [7] ).
Sorting to the lysosome involves the incorporation of the receptor into internal vesicles of MVBs (multi-vesicular bodies), also referred to as late endosomes. These organelles gradually accumulate lysosomal acidic hydrolases (proteases) and fuse with lysosomes. It should be noted that growth-factor receptors continue to signal within the endocytic pathway until they are sequestered into lumenal vesicles of the MVB [8] .
Much of our detailed biochemical understanding about the molecular mechanisms governing protein sorting in the endocytic pathway is based on studies in yeast. Although the yeast endocytic pathway may be lacking in morphologically distinguishable sub-compartments, many of the fundamental mechanisms are conserved and the yeast vacuole is functionally equivalent to the mammalian lysosome.
This essay briefly reviews the work that led to the realization of the importance of ubiquitin in endocytic protein sorting and discusses the complex endocytic machinery that mediates the sorting process. Finally, the regulation of ubiquitination on this pathway is examined by considering the various E3s (ubiquitin ligases) and DUBs (deubiquitinating enzymes) that have been implicated to date.
Ubiquitin as a sorting signal for endocytic trafficking in yeast and mammalian cells A role for ubiquitin in endocytic trafficking
The first observations that indicated a link between receptor endocytosis and ubiquitination were made in the mid-1980s and early 1990s, when it was shown that several RTKs (receptor tyrosine kinases), including PDGFR (platelet derived growth factor receptor) and GHR (growth hormone receptor), were ubiquitin- Figure 2 . The mammalian endocytic pathway Activated growth factor receptors (e.g. EGFR) are internalized via CCVs and transported to the tubulo-vesicular early endosome. Here, ubiquitinated receptors are sequestered into the lumenal vesicles of the MVB, which delivers its content to the lysosome. Other plasma-membrane proteins that are not ubiquitinated (e.g. TfR) enter the pathway via the same route, but return to the plasma membrane via the tubular recycling endosome. ated. Furthermore, in the case of the T-cell receptor, this ubiquitination could be directly linked to ligand activation of the receptor [9] .
The formal connection between ubiquitin and endocytosis came from studies in yeast on Ste6p, an ABC (ATP-binding cassette) transporter, which accumulates in a ubiquitinated form in end (endocytosis-defective) mutant cells (reviewed in [5, 6] ). This observation was later confirmed by analysis of the yeast ␣-factor (Ste2p) and a-factor (Ste3p) pheromone receptors. In addition, both proteins failed to internalize in mutant yeast strains that had defective ubiquitination machinery. In parallel to these studies, a genetic screen, aimed at the identification of genes involved in the down-regulation of aminoacid permeases, identified a gene called npiI, which was later shown to encode the HECT [homologous to E6-AP (E6-associated protein) C-terminus] E3-ligase Rsp5, which is responsible for the ubiquitination of plasma membrane proteins in yeast.
Mono-ubiquitination is sufficient for most endosomal sorting events
In contrast to the well-described role for polyubiquitin chains in targeting proteins to the proteasome, internalization of yeast plasma-membrane proteins like Ste2p is not inhibited by expression of mutant ubiquitin, which cannot form polyubiquitin chains. Furthermore, fusion of a single ubiquitin in-frame to many plasma-membrane proteins is sufficient for their internalization, although, in some cases, short-chain linkages formed through Lys 63 may enhance the kinetics (reviewed in [5, 6] ). In mammalian cells, many plasmamembrane proteins are ubiquitinated in response to ligand binding. These include the RTKs EGFR [EGF (epidermal growth factor) receptor], PDGFR, FGF (fibroblast growth factor) receptor and Met [HGF (hepatocyte growth factor) receptor] [3] . In addition, some ion channels, such as the ENaC (epithelial Na + channel), are also known to be ubiquitinated.
The rather smeared appearance of ubiquitin signals associated with these proteins was interpreted as reflecting heterogeneous polyubiquitination. How then do polyubiquitinated receptors escape proteasomal targeting? Experiments based on the use of a panel of anti-ubiquitin antibodies discriminating between mono-and poly-ubiquitin showed that EGFR, PDGFR and Met are in fact mono-ubiquitinated at multiple lysine residues [3, 10] . In addition, in-frame fusion of a single ubiquitin to the C-terminus of EGFR induces ligand-independent receptor internalization, suggesting that mono-ubiquitin is the endocytic sorting signal used in both yeast and mammalian cells.
The issue was further confused by the fact that the down-regulation of many, but not all, growth factor receptors (e.g. GHR, Met) is sensitive to proteasome inhibitors. Further experiments using inhibitors of the lysosomal pathway (inhibitors of vacuolar acidification or lysosomal enzymes) have shown that in all cases so far studied, degradation of these receptors is contingent on their sorting to the lysosome, and is most likely to take place there [11] . Thus in these particular cases, proteasome activity is permissive for lysosomal degradation.
Ubiquitin-dependent internalization
As discussed above, ubiquitin can promote internalization of plasmamembrane proteins both in yeast and mammalian cells. The vast majority of yeast proteins are strictly dependent upon ubiquitination for their endocytosis, and ubiquitin constitutes the major internalization signal in yeast [5, 6] .
In contrast, in mammalian cells, endocytosis relies on a variety of redundant signals. Many mammalian plasma-membrane proteins encode di-leucineand tyrosine-based cytoplasmic sorting signals that recruit specific endocytic adaptor proteins in the form of AP-2 (adaptor protein 2), amphiphysin, clathrin and dynamin [12] . Hence, although mono-ubiquitination may be sufficient as an internalization signal in mammalian cells (see above), it is not essential. This is most commonly seen in cells in which the main E3 mediating RTK ubiquitination, Cbl, has been knocked out [13] . Although these cells show a clear defect in EGFR down-regulation, the initial internalization proceeds with unaltered kinetics.
The ubiquitin internalization signal does not conform to a classical linear amino-acid sequence, but is encoded in its three-dimensional structure. The key residues (Phe 4 , Ile 44 ) for the recognition of ubiquitin by the sorting machinery contribute to two hydrophobic patches on the surface of the molecule. These hydrophobic patches are recognized not by a single ubiquitin Ubiquitin binding of endocytic proteins is mediated by a large variety of ubiquitin-binding motifs.
The average length of the motif is given in amino-acid residues. CUE, coupling of ubiquitin conjugation to endoplasmic reticulum degradation; n.d., not determined; GAT, GGA and Tom.
K d values correspond to measured affinities for mono-ubiquitin.
receptor, but by multiple sorting adaptors that bind to ubiquitin via a wide variety of ubiquitin-binding motifs (Table 1 , reviewed in [14] ). Two examples of ubiquitin-binding proteins implicated in internalization, both in yeast and in mammalian cells, are Eps15/Eps15R (Ede1 in yeast) and Epsin (Ent1 and Ent2 in yeast), which bind ubiquitinated proteins through UIM (ubiquitin-interacting motif) and UBA (ubiquitin-associated) domains.
Ubiquitination of the endocytic sorting machinery
It should be noted that in some cases, ubiquitination of the receptor itself is dispensable for its internalization and/or down-regulation (e.g. GHR), although a functional ubiquitin proteasome system is required (reviewed in [11] ). This suggests that, in these cases at least, the ubiquitination of a component of the sorting machinery may be key.
Many of the ubiquitin-binding proteins involved in endocytic sorting processes are themselves transiently ubiquitinated. This mono-ubiquitination of endocytic adaptor proteins may perform a regulatory function, by switching the proteins into an 'inactive' or 'closed' conformation, in which the ubiquitin-binding motif is occupied by an intramolecular ubiquitin interaction and therefore no longer available for recruiting ubiquitinated cargo ( Figure 3A ) [5, 14] .
Ubiquitination of the sorting machinery may also contribute to the establishment of large protein-interaction networks, which could enhance the fidelity of the system by relying on the coincident detection of many weak binding interactions ( Figure 3B ). Ubiquitin-binding motifs generally bind with very low affinity (K d 100-500 M) to ubiquitin (Table 1) , a fact that is necessitated by the high concentration of free ubiquitin in mammalian cells (estimated at 10 M [15] ). Higher affinities for ubiquitin would result in a high degree of occupancy by free ubiquitin and effectively neutralize these adaptors.
Ubiquitin-mediated sorting at the endosome: the MVB sorting machinery
The most stringent requirement for ubiquitin in the sorting process is at the point of MVB sorting. Many plasma-membrane proteins (unoccupied receptors and transporters) flow through the endosome [4] . This is the case for TfR (transferrin receptor), which constitutively enters the cell to release its Fe 3+ cargo from transferrin and then recycles back to the plasma membrane ( Figure  2 ). An in-frame fusion of ubiquitin to TfR perturbs this itinerary by retaining the TfR at the sorting endosome and promoting its sorting into MVBs [16] .
How is this ubiquitin signal recognized at the early/sorting endosome? Much of our knowledge comes from a genetic screen in yeast, which identified mutations that led to defects in the trafficking of vacuolar proteins {vps (vacuolar protein sorting) mutants [17] }. Among these, the class E mutants display a swollen prevacuolar compartment that corresponds to a defect in MVB formation. Each of these vps class E genes has been shown to have a mam-malian counterpart [18] . The sorting of receptors into the internal vesicles of the MVB is now thought to involve the sequential engagement of several multi-protein complexes that are composed of class E Vps proteins (Figure 4 ): the Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate, also referred to as Hgs)-STAM (signal-transducing adaptor molecule, also called Hbp for Hrs binding protein) complex and ESCRT (endosomal sorting com- plex required for transport)-I, -II, and -III. At least the first three of these complexes have the ability to bind ubiquitin, and the ubiquitinated receptors may be passed along from one complex to another. A fifth component, essential for this process, is an ATPase of the AAA (ATPase associated with various cellular activities) family called Vps4 or SKD1 [7] .
The Hrs-STAM complex Initial engagement of ubiquitinated receptors with the sorting machinery is mediated through interaction with a complex comprising the proteins Hrs and STAM. Their yeast orthologues are called Vps27 and Hse1, and all four proteins contain one or multiple UIM domains, which are required for their sorting function. Hrs binds directly to clathrin and contains a FYVE domain that allows it to bind to PtdIns3P, a lipid that is enriched on early endosomes [16] . Hrs and STAM are thought to act as a dimeric adaptor complex, by recruiting ubiquitinated receptors into a specialized area of the early endosome that is decorated by a flat clathrin coat. This clathrin coat is not thought to promote vesicle budding, but instead may provide a concentration device in which ubiquitinated receptors are trapped, whereas recycling receptors diffuse freely through this microdomain [16] . Hrs plays a central role in MVB formation, in both yeast and mammalian cells: Vps27 is a class E vps mutant, and defects in MVB formation have also been reported in Hrs knock-out mice and Drosophila [19, 20] . Hrs depletion by siRNA (small interfering RNA)-interference in human cells partially inhibits EGFR and Met receptor down-regulation [21, 22] . Both receptor-sorting and internal vesicle formation are also inhibited by overexpression of Hrs, suggesting that the two processes are tightly coupled [23] . This inhibition of internal vesicle formation is contingent on an intact Hrs UIM domain, which therefore may play both positive (receptor-sorting) and negative (vesicle formation) roles in the pathway leading to lumenal vesicle budding.
Recently, several alternative adaptor complexes that may function in parallel, or in concert, with Hrs and STAM, have been identified. These include GGA (Golgi-associated ␥-adaptin homologous) proteins and the Tom1(L1)-Tollip-Endofin complex, both of which have the ability to bind ubiquitin and clathrin. Whether this constitutes another example of redundancy in the sorting machinery, or whether selectivity allows for a higher degree of cargo, remains to be shown.
The ESCRT machinery
A major breakthrough came with the description of three distinct multimeric Vps protein complexes, named ESCRT-I, -II and -III, which have been proposed to be sequentially recruited to and activated at the endosome. These proteins constitute the core of the MVB-formation machinery downstream of the Hrs-STAM complex [7] .
Hrs, and its yeast orthologue Vps27, also serve to recruit the ESCRT-I complex (Tsg101/Vps23, Vps28 and Vps37) to the endosome through interaction of a four-amino-acid motif [PS(T)AP] with TSG101/Vps23 (reviewed in [24] ). The ubiquitin-binding site of this complex is found in TSG101/Vps23 in the form of a UEV (ubiquitin E2 variant) domain, which also provides the PS(T)AP binding site. TSG101 itself contains a PTAP motif, which may interact with its own UEV domain. It is possible that competitive binding by Hrs may then release TSG101 into a relaxed conformation that could be permissive for ESCRT-II recruitment, thereby imparting processivity to the sorting pathway.
ESCRT-II was described as a cytosolic complex, (approx. 155 kDa) consisting of the class E Vps proteins Vps22, Vps25 and Vps36 [called Eap30 (ELL-associated protein), Eap25 and Eap45 in mammalian cells], that transiently associates with endosomal membranes in an ESCRT-I-dependent manner. Crystal structures at 3.6 Å resolution of a yeast ESCRT-II complex containing one molecule of Vps22, the C-terminal domain of Vps36 and two molecules of Vps25, appear in the shape of a capital 'Y', of which the sub-complex Vps22 and Vps36 form one branch each. A flexible linker extending from the tip of the Vps36 branch would lead to two consecutive NZF [Npl4 (nuclear protein localization 4) zinc finger] motifs, the second of which is believed to bind ubiquitinated cargo. It has been suggested that this structure could provide a 'long swinging arm' for transfer of cargo over substantial distances [25] . The NZF motif is lacking in Eap45, the mammalian orthologue of Vps36, but this is compensated for by inclusion of a GLUE [GRAM (glucosyl transferase Rab-like GTPase activator and myolubularins)-like ubiquitin-binding in Eap45] domain, which has also been shown to have ubiquitin-binding properties [26] .
The ESCRT-II complex is required for the membrane recruitment of the Snf7/Vps20 ESCRT-III sub-complex via an interaction between Vps25 and Vps20 [18] , and this is a prerequisite for the recruitment of the other two ESCRT-III proteins, Vps24 and Vps2, to the membranes [7] . These last four class E Vps proteins belong to a structurally related 'family' of small, highly charged, coiled-coil proteins that in mammalian cells are referred to as CHMPs (charged multivesicular proteins). Although the initial functional genetic studies in yeast suggested a neat vectorial recruitment and association of these three complexes, further yeast two-hybrid interaction data indicate a much more complex interaction network [18] . One highly connected protein is AIP1 [ALG2 (apoptosis-linked gene 2)-interacting protein 1] or Alix (ALG2-interacting protein X), previously implicated in apoptosis, that has a yeast orthologue called Bro1. AIP1 shows interactions with both ESCRT-I (Tsg101) and ESCRT-III (Snf7/CHMP4b) complexes and may therefore act as a bridge between these two [18] .
Vps4/SKD1 (suppressor of potassium transport growth defect 1)
The ESCRT-III component Snf7 recruits a class E Vps protein belonging to the AAA-ATPase family, called Vps4 in yeast and humans, and SKD1 in mouse cells [7] . The last resolved step in the MVB formation cascade is the dissociation of the ESCRT-machinery powered by Vps4/SKD1 hydrolysis of ATP. This is inferred from the dramatic phenotype of ATPase-defective Vps4/SKD1 mutants in yeast and mammalian cells. Vps4 yeast deletion strains show a typical class E swollen pre-vacuolar compartment on which the entire upstream sorting machinery accumulates. Overexpression of a catalytically inactive Vps4 mutant in mammalian cells recapitulates this phenotype. These observations suggest that dissociation of the sorting machinery and the formation of internal vesicles are tightly coupled to allow efficient recycling of ESCRT proteins.
Viral hijack of the ESCRT machinery
One observation that has heightened interest in this pathway is the finding that a number of RNA viruses, most notably HIV-1, utilize the ESCRT machinery to elicit their escape through budding from the plasma membrane of the host cells [27] . Note that both viral and MVB budding have the same topology, in the sense that they are both budding away from the cytosol [24] . It has long been known that mutations in late domains of viral structural proteins arrest viral particle release from the plasma membrane, at a stage beyond which buds have formed, but prior to particle scission. In the case of HIV, the late domain is found in the p6 protein, which is produced upon proteolytic cleavage of the gag gene product. Morita and Sundquist uncovered an association between the p6 late domain of HIV-1 Gag and the ESCRT-I component TSG101 [27] . Furthermore, knock-down of TSG101 or expression of a dominant negative ATPase-deficient Vps4 inhibited budding of wild-type HIV-1. Thus a simple recruitment of the ESCRT machinery through p6 completes the release of viral-like particles.
How is the ESCRT machinery redirected to the plasma membrane? Effectively p6 mimics Hrs by virtue of its own PTAP sequence and therefore provides an ESCRT-I docking-site at the plasma membrane [24] . Other viruses use the same trick, or alternatively plug into other components of the ESCRT network [27] .
Ubiquitin ligases and DUBs: the ying and yang of ubiquitination
Ubiquitination involves the sequential action of three classes of enzymes: the E1 (ubiquitin-activating enzyme), the E2 (ubiquitin-conjugating enzyme) and the E3 (ubiquitin ligase), which is responsible for substrate specificity [28] . Ubiquitination is a dynamic, reversible modification, in many ways similar to phosphorylation ( Figure 5 ). The role of the kinase is played by the E3 and the DUBs take up the role of the phosphatases. In addition, an analogy can be drawn between ubiquitin-binding domains that allow recruitment to ubiquitinated proteins and phospho-residue-binding, granted by SH (Src homology) 2 domains.
E3s
E3s are generally split into two major classes: the RING (really interesting new gene) ligases, which have a catalytic domain based on a double zincfinger, and the HECT ligases, which contain a 350-amino-acid long Cterminal domain with similarity to E6-AP, within which lies a conserved catalytic cysteine. The main functional difference between these two groups lies in the fact that HECT-ligases form a thiolester intermediate with ubiquitin, whereas RING-ligases promote the direct transfer of ubiquitin from the E2 to the substrate [6] .
As mentioned earlier, the major E3 responsible for ubiquitination of plasmamembrane proteins in yeast is the HECT E3, Rsp5. HECT-ligases recognize their substrate via WW domains (protein-protein interaction domains containing two conserved tryptophan residues) that interact with various proline-rich sequences.
In mammalian cells, the major E3 implicated in endocytic trafficking of RTKs is the cellular proto-oncogene Cbl [29] . Cbl is responsible for the ubiquitination of the majority of growth factor receptors that have been studied and is recruited via its SH2 domain to activated, phosphorylated RTKs. Cbl also acts as a multivalent adaptor for at least 40 proteins and some of its effects may be owing to this adaptor function rather than its ligase activity.
The discovery of Cbl and its subsequent identification as a ubiquitin ligase was an important landmark in the history of the role of ubiquitination in protein trafficking. The importance of Cbl-mediated ubiquitination is exemplified by the viral oncogene v-cbl, which lacks the RING-finger motif and displaces endogenous Cbl to allow growth factor receptors to escape from down-regulation. In addition, several EGF and Met receptor mutants that have been isolated from tumours are defective in their ability to bind Cbl [30] . Several HECT-ligases, including Nedd4 (neural precursor cell expressed developmentally down-regulated 4) and AIP4, have also been implicated in endocytic trafficking. However, in most cases, with the exception of Nedd4-mediated ubiquitination of ENaC, the salient substrate may well be a component of the endocytic machinery rather than the receptor itself. Eps15 (EGRF pathway substrate 15) and Hrs ubiquitination are thought to be mediated by Nedd4 or by AIP4. Ubiquitination of these proteins depends on their UIM and it is thought that the HECT ligase is partially recruited through a UIM-ubiquitin interaction. Once the protein is ubiquitinated, its UIM is occupied by its own ubiquitin and is no longer able to recruit another HECTligase. In this way, polyubiquitination, and subsequent targeting of the endocytic machinery to the proteasome, may be prevented [14] .
DUBs
DUBs have the potential to fulfil two major functions on the endocytic pathway: firstly, they may regulate the ubiquitin status of endosomal proteins (receptors and sorting machinery) by opposing E3 activity, and secondly, they recycle ubiquitin from receptors that are committed to degradation in lysosomes and thereby maintain the free pool of ubiquitin necessary for endocytic sorting.
The first DUB implicated in endocytic trafficking was the yeast ubiquitin protease Doa4. In common with the ESCRT complex components, Doa4 accumulates on the endosome following inactivation of the ATPase, Vps4 [31] . Recruitment of Doa4 to endosomes is dependent on ESCRT-III components and on BroI, the yeast orthologue of AIP1/Alix. This suggests that Doa4 may act concomitantly with the Vps4-mediated disassembly of the ESCRTmachinery and recycle ubiquitin from receptors just prior to their incorporation into internal vesicles.
Endocytic cargo that is normally targeted to the vacuole lumen is missorted to the limiting membrane of the vacuole in doa4 mutant yeast [32] . However, deubiquitination may not be an absolute requirement for cargosorting into internal vesicles, since chimaeric proteins with in-frame fusions of ubiquitin are sorted efficiently [33] . In addition, the doa4 block on vacuolar protein sorting can be overcome by overexpression of ubiquitin, suggesting that the requirement lies in the maintenance of ubiquitin homoeostasis [32] . Doa4 function may thus be analogous to that of the DUB Rpn11, which recycles ubiquitin from proteins that are degraded by the proteasome [34] .
The most likely orthologue of Doa4 in mammalian cells, UBPY (ubiquitin-binding protein Y), also called USP8 (ubiquitin-specific protease 8), was originally described as a growth-regulated DUB, as it accumulates upon growth-stimulation of starved human fibroblasts, and its levels decrease in response to growth-arrest induced by cell-cell contact [35] . Although no functional data are yet available, a link to endosomal protein sorting has been suggested, as UBPY was identified as an interaction partner of the SH3 domain of STAM [36] .
Intriguingly, the STAM SH3 domain also interacts with another DUB called AMSH (associated molecule with the SH3 domain of STAM) [37] . AMSH shares with UBPY a non-canonical SH3-domain binding motif PX(V/I)(D/N)RXXKP [36] , which is required in both cases for STAM-binding. AMSH and UBPY may therefore be expected to compete with each other for binding to STAM in vivo.
In contrast to UBPY and Doa4, AMSH is not a cysteine protease, but belongs to the JAMM (JAB1/MPN/Mov34) metallo-enzyme family of DUBs, which includes the Rpn11/POH1 subunit of the 19 S proteasome lid [38] . AMSH is able to convert ubiquitin chains and is so far the only ubiquitin isopeptidase that shows specificity for Lys 63 -over Lys 48 -linked chains in vitro [39] . While the in vivo substrate of AMSH remains to be identified, in vitro assays also show that it is capable of removing mono-ubiquitin from EGFR. Overexpression of a catalytically inactive form of AMSH promotes the accumulation of ubiquitin on early endosomes, whereas depletion of cellular AMSH levels by siRNA treatment markedly enhances EGFR down-regulation. This suggests that AMSH may counteract E3 activity on endosomes and promote recycling, either by acting directly on the ubiquitinated receptors or by modulating the ubiquitination status of the sorting machinery. A similar role in promoting the recycling of the plasma-membrane proteins Ste2 and Ste6 has also been suggested by studies on the yeast DUB Ubp1 [40] .
Conclusion
Over the last decade, ubiquitination has emerged as a major regulatory mechanism controlling protein trafficking through the endocytic pathway and thus influencing the cell-surface levels of many plasma-membrane proteins, including RTKs like EGFR and c-Met. Defects in ubiquitin-mediated sorting, as seen in v-cbl-transformed cells, lead to uncontrolled proliferation that is the hallmark of cancer. The fact that many retroviruses have hijacked components of the endocytic sorting machinery provides a further strong incentive to widen our understanding of the interplay between ubiquitination and endocytic trafficking. Now that most of the core components of this pathway have been identified, the challenge lies in elucidating the choreography underlying this complex process. 
Summary

